Few ecosystem-level studies have experimentally determined the physicochemical and biological factors that mediate concentrations of off-flavor compounds in drinking water reservoirs. Consequently, the watershed-scale mechanisms determining production of these compounds are still poorly understood. In a recent study, the addition of both nitrogen and phosphorus significantly increased 2-methylisoborneol (MIB). Not surprisingly, MIB was correlated with cyanobacterial abundance (a well-known producer of off-flavor compounds); however, MIB was most strongly correlated with diatom abundance. To empirically test for differences in the production of two important off-flavor compounds, specifically MIB and geosmin, by either cyanobacteria or diatoms, we conducted a fully factorial experiment that manipulated two factors that typically promote cyanobacteria (nitrogen and phosphorus fertilization) or diatoms (vertical mixing of the water column). As predicted, fertilization promoted cyanobacteria, and vertical mixing favored diatoms. Interestingly, the production of geosmin was rapid and consistent with an increase in cyanobacteria while MIB production increased later in the experiment when cyanobacterial biovolume tended to decline and diatom biovolume increased. Based on our current and previous studies, MIB and geosmin production is associated with cyanobacteria, but the direct or indirect influence of diatoms on production should not be ignored.
INTRODUCTION
Geosmin and 2-methylisoborneol (MIB) are organic compounds, collectively referred to as off-flavors, that create earthy and musty tastes and odors in freshwater ecosystems (Graham et al. ) . These compounds are problematic for drinking water and aquaculture facilities since methods of removal are expensive and potentially ineffective or dangerous for human consumption (Srinivasan & Sorial ) . Geosmin and MIB were initially thought to be produced primarily by actinomycetes, a gram-positive microbe commonly found in soils (Gerber ) . However, subsequent studies have shown that both compounds can be produced by isolated, axenic colonies of cyanobacteria (primarily Oscillatoria/Planktothrix spp. and Lyngbya spp.) (Tabachek & Yurkowski ) . These same cyanobacterial taxa have also come under particular scrutiny for their ability to produce toxic secondary metabolites. Consequently, cyanobacteria are regularly considered the primary source of these off-flavors and are the focus of many studies on MIB and geosmin outbreaks ( Jüttner & Watson ) . Some studies have indicated that diatoms, particularly Synedra spp., can contribute to off-flavor production, but prior evidence has been mostly correlative (Schrader et al. ; Olsen et al. ) . Other studies have suggested that diatoms do not directly produce off-flavor compounds but can provide substrate and carbon resources for actinomycete attachment and growth, thus enabling actinomycetes to produce MIB and geosmin (Sugiura et al. ) .
Prior efforts associated with off-flavor management have generally focused on engineering approaches to remove these compounds. However, ultimate environmental factors that mediate off-flavor outbreaks in nature are still relatively unexplored (Srinivasan & Sorial ) . Past laboratory-based studies have manipulated variables such as nutrients, light intensity, and temperature using cyanobacterial isolates capable of producing off-flavors (Saadoun et al. ).
Additionally, several observational studies have successfully correlated water quality parameters, such as algal biovolume, water chemistry, temperature, and weather events, in limnocorrals in a drinking water reservoir found that both nitrogen and phosphorus were co-limiting in the production of MIB. As with previous observational studies, Olsen et al. () found a strong correlation between MIB and cyanobacteria (R 2 ¼ 0.48). However, in this experiment, the correlation between diatoms and MIB was statistically stronger (R 2 ¼ 0.65).
Given the expected seasonal shifts in phytoplankton species composition associated with changing dominant limnological processes (Sommer et al. ) , predicting offflavor concentrations based on phytoplankton species composition could aid water resource management (Mazumder et al. ) . However, few models are available that forecast off-flavor concentrations. For example, Qi et al. () found that cyanobacterial biomass was the best predictor during warmer months, whereas the diatom, Synedra, was a better predictor of off-flavors during cooler months in Lake Taihu, China. The primary driver of seasonal differences involves changes in temperature and light, which influences water chemistry and water movement in lakes. Summer stratification and high temperatures tend to favor cyanobacterial blooms (Paerl & Huisman ) but generally exclude diatoms, which rely on lake mixing for movement to the surface given that they lack flagella or buoyancy-regulation vacuoles (Sommer et al. ) . Other studies that have inves- with cyanobacterial and diatom biovolume. Here, we continue to investigate differences in off-flavor production between these two phytoplankton taxa by manipulating nutrients and vertical mixing in a fully factorial mesocosmfield experiment during the summer of 2014 when the reservoir was fully stratified. Treatments were chosen based on the conditions that are expected to favor cyanobacteria (fertilization) or diatoms (vertical mixing).
METHODS
Nutrients (nitrogen and phosphorus) and mixing were manipulated in a fully-factorial design throughout a 28-day field experiment in 3,800 L limnocorrals (diameter ¼ Nutrients were added (as NaNO 3 and NaH 2 PO 4 ) once on day 2 to relevant enclosures (treatments C and D) and
were not applied again throughout the remainder of the 
RESULTS AND DISCUSSION
Stratification patterns in the lake and enclosures
Although our study lake is polymictic, it fully stratifies each summer. Stratification can be temporally disrupted by heavy winds during storm events. During this study, the lake stratified (Figure 1(a) ).
Total phytoplankton biovolume was nearly an order of magnitude higher in the two treatments that received a nutrient addition (nutrients only, C; mixing and nutrients, D) when As expected for the targeted phytoplankton taxa, fertilization promoted cyanobacteria and vertical mixing stimulated diatoms (but at a smaller scale). Cyanobacteria initially increased after the treatments were established, but the greatest cyanobacterial concentration was found in the nutrient-only treatment (treatment C) (Figure 2(a) ). Nutrient addition resulted in a significant increase in cyanobacterial biovolume (RM-ANOVA F 1,12 ¼ 20.75, P ¼ 0.001) with no significant effect of mixing (RM-ANOVA F 1,12 ¼ 0.16, P ¼ 0.70) or their interaction (RM-ANOVA F 1,12 ¼ 2.79, P ¼ 0.123) (Figure 2 (a)). Mean cyanobacterial biovolume was highest in the nutrient only (C) treatment; however, post hoc testing revealed that this difference was only statistically significant when comparing the nutrient only treatment to the control (A) (P ¼ 0.003) or mixing only (B) (P ¼ 0.032) treatments but did not differ from the mixing and nutrient addition treatment (D) (P ¼ 0.79).
In general, diatom biovolume was significantly lower than cyanobacterial biovolume in both nutrient addition treatments (Figure 2(a) and 2(b) ). In fact, diatom biovolume was lowest in the nutrient only treatment (C). Mixing significantly increased diatom biovolume (RM-ANOVA F 1,12 ¼ 18.64, P ¼ 0.001), which was not affected by nutrient addition (RM-ANOVA F 1,12 ¼ 1.90, P ¼ 0.19) or the interaction of fertilization and mixing (RM-ANOVA F 1,12 ¼ 2.74, P ¼ 0.13).
In terms of relative phytoplankton composition, fertilization also increased the cyanobacterial relative biovolume (RM-ANOVA: nutrients only -F 1,11 ¼ 13.14, P < 0.004; mixing and nutrients -F 1,11 ¼ 8.45, P < 0.014; Figure 3) due to relative diatom biovolume. It was surprising to see an increase in diatoms in the control enclosures that were not mixed or were given additional nutrients although the total biovolume of diatoms was relatively small compared to the fertilized treatments ( Figure 2) .
Ecological contributions to off-flavor compounds
Mixing (RM-ANOVA F 1,11 ¼ 6.69, P ¼ 0.025) or adding nutrients (RM-ANOVA F 1,11 ¼ 40.76, P < 0.0001) significantly increased MIB (Figure 1(b) ) over time. Although the interaction between fertilization and mixing showed a marginally significant effect on MIB (RM-ANOVA F 1,11 ¼ 4.51, P ¼ 0.057; Figure 1(b) ), MIB in the mixing and nutrient addition treatment (D) was over two times higher than in the nutrient only treatment (C) (P ¼ 0.036) and approximately five times higher than in the control (A) (P < 0.0001) or mixing only (B) treatments (P ¼ 0.001). In general, geosmin was elevated in the nutrient only treatment (RM-ANOVA F 1,11 ¼ 39.33, P < 0.0001), with no statistically significant effects observed due to mixing (RM-ANOVA F 1,11 ¼ 0.084, P ¼ 0.77; Figure 1(c) ) or the interaction between mixing and fertilization (RM-ANOVA F 1,11 ¼ 1.70, P ¼ 0.22). caused the greatest increase in MIB by the end of the experiment (Figure 1(b) ). There was also a slight increase in MIB for the nutrient-only treatment (C), although not statistically different from the mixing only treatment (B) (Figure 1(b) ).
Diatoms only increased within the last two dates of the experiment in the same treatment where MIB demonstrated an increase (D), but were present in relatively low numbers (Figure 2(b) ), which may have affected the ability to detect a significant relationship between diatoms and MIB.
Geosmin was markedly higher in both fertilized treatments without (C) and with mixing (D) immediately after treatments were applied and decreased to less than 20 ng/L in all treatments by the end of the experiment. As with MIB, cyanobacteria was the only phytoplankton group that correlated with geosmin over time. Although geosmin decreased throughout the duration of the experiment, cyanobacterial biovolume did not exhibit similar patterns, and even increased in the nutrient only treatment on the second to last sampling date (day 22).
After an initial increase post-fertilization, phosphorus levels slightly decreased in all treatments (Figure 4(a) ). Nitrogen generally exhibited a similar pattern as phosphorus, but increased considerably in the fertilized only treatment (C, Figure 4(b) ). As Cylindrospermopsis spp. was the dominant phytoplankter (>99% of algal biovolume) in this treatment, it is feasible to consider that nitrogen fixation mediated the change in nitrogen concentration (Chislock et al. ) , made even more evident by an increase in cyanobacterial biovolume during the previous week (Figure 2(a) ). However, we did not (Figure 1(b) and 1(c) ). The highest geosmin concentrations were found in the two fertilized treatments (C, D) soon after treatments were established. Geosmin concentrations decreased in all enclosures over time so that by the end of the experiment all treatments were near or below concentrations observed at the start of the experiment (∼10 ng/L; Figure 1(c) ). MIB did not increase in any treatments until the third week of the experiment (Figure 1(b) ). The highest MIB concentrations were observed at the end of the experiment in enclosures that were mixed and received nutrients (treatment D 
CONCLUSIONS
This study empirically examined the influence of two important phytoplankton taxa, cyanobacteria and diatoms, associated with the production of two common off-flavors, MIB and geosmin, in a drinking water reservoir. Treatments were applied using a complete factorial design to cause conditions known to favor one taxon over the other (lake mixing favors diatoms; fertilization favors cyanobacteria).
Increases in MIB and geosmin for relevant treatments did not occur concurrently throughout the experiment. The initial fertilization with phosphorus and nitrogen quickly promoted geosmin regardless of mixing and was positively correlated with cyanobacterial biovolume only. Geosmin concentrations were initially high after treatments were established, but fell below 20 ng/L in all treatments by the end of the experiment. MIB exhibited the opposite pattern with concentrations remaining low initially and reaching their greatest concentrations at the end of the experiment.
MIB was promoted by fertilization and mixing and correlated with cyanobacteria. Diatom increases near the end of the experiment in the mixed and fertilized treatment were concurrent with an increase in MIB, but did not statistically affect either off-flavor compound. Although fertilization tends to promote both off-flavor compounds, only MIB was significantly affected when mixing of the water column occurred. Management solutions to repeated off-flavor events will require a reduction in eutrophication from the surrounding watershed but should also consider the potential effect of lake-wide mixing on off-flavor dynamics.
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